Background: Post-traumatic deformities such as biceps tendon rupture or (peri-)articular fractures of the elbow are often related to a decrease in muscle strength. Postoperative evaluation of these deformities requires normative values of elbow strength. The purpose of this systematic review was to determine these normative values of isometric elbow strength in healthy adults resulting from studies evaluating this strength (i.e. flexion, extension, pronation and supination strength). Methods: The databases of PubMed, EMBASE and Web of Sciences were searched and screened for studies involving the isometric elbow strength as measured in asymptomatic volunteers. The quality of the studies was assessed and studies of low quality were excluded. Results: Nineteen studies met the inclusion criteria and were of sufficiently high quality to be included in the present review. In these studies, elbow strength was measured in a total of 1880 healthy volunteers. The experimental set-up and devices used to measure elbow strength varied between studies. Using some assumptions, a normative values table was assembled. Conclusions: Large standard deviations of normative values in combination with different measurement devices used, as well as the different measurement positions of the subjects, demonstrated that there is no consensus about measuring the isometric elbow strength and therefore the normative values have to be interpreted with caution.
Introduction
The range of motion of the elbow has always been a topic of interest in elbow related scientific research. Because technology in daily life with respect to mobile phones, game controllers and curling irons is becoming more and more advanced, an optimal range of motion, especially flexion and pronation, appears to be more important than ever. 1 The range of motion of the elbow joint can be restricted by disease, injury or disuse. 2, 3 The same accounts for the muscle strength of the upper extremity. [4] [5] [6] It is important to know the initial strength of patients or, in the case of an absence of this strength, the normative values. This should provide patients with an insight into their decrease in strength and give them an objective goal to reach their initial strength after rehabilitation. These normative values are not clearly reported in the existing literature. Using the normative values, it is possible to determine the ratio between the dominant and the nondominant arm. This ratio would allow the use of the contralateral side of the patients as reference value. 7 The aim of this systematic review is therefore to determine the normative values of the isometric elbow strength of healthy adults. The values are a result of the available studies that evaluated either (or both) the isometric flexion-extension strength of the elbow or the isometric pronation-supination strength of the forearm in terms of the ratio between the dominant and nondominant arm.
Materials and methods

Identification of studies and selection criteria
A literature search was performed using the databases Pubmed, EMBASE and Web of Sciences on 4 May 2016. The search was performed by searching in MeSH (medical subject headings) search terms and title and abstracts. Included in the search were the following terms and their synonyms: 'elbow' OR 'forearm', 'muscle strength' OR 'isometric contraction', 'reference value' OR 'healthy volunteer', as well as the elbow movements (i.e. flexion, extension, pronation and supination). The search strategy is presented in Appendix 1. Because the movement of the elbow has always spiked interests in the academic field, no limitation on the publication date was set. Duplicates were removed from the search. The remaining articles resulting from the literature search were reviewed on their titles and abstracts to identify possible relevant publications. All potential relevant literature underwent a full review aiming to determine whether they met the inclusion criteria. Studies that did not meet the inclusion criteria after reading the full manuscript were excluded from the present study. The reference lists of the included papers were checked manually to identify possible other relevant studies that could be included in the present study but were missed in the initial search. The inclusion and exclusion of the studies was performed independently by two of the investigators (SK and JV). In the case of discrepancy, a consensus was reached between the two investigators.
To be included in the present study, the full texts of the articles had to be available. Only English, Dutch, German and French literature was included; studies in other languages were excluded. The articles included had to describe the measurement of the isometric muscle strength of the elbow (flexion, extension, pronation and/or supination) with a dynamometer or other device in healthy adult volunteers without any intervention.
Quality assessment
The methodological quality of all the included studies was assessed by two of the reviewers at the study level. The quality of the studies was assessed by means of Table 1 . The main topics of the check involved the position of the subjects measured, the device used for measurements, the measurement itself, and the study population. When articles received three or more minuses, the publication considered not to be of sufficiently high quality to be included in the present systematic review.
Outcome measures and data extraction
The primary outcome of this systematic review is elbow strength; in particular, the flexion-extension strength of the elbow and the pronation-supination strength of the forearm. The strength of these movements were presented in different units (e.g. Nm, kg/cm and N). Secondary outcomes were the position of the subjects (with respect to body/shoulder/elbow/forearm), the measurement devices used to measure the isometric elbow strength, the measurements used in the analysis (defined as the average/highest value), the population used to determine the elbow strength, the elbow movement over which the strength was determined, and the actual elbow strength measured in those studies. The actual elbow strength could consist of the strengths of men and women, as well as the dominant and nondominant arms.
Statistical analysis
Descriptive statistics are reported in the results; these include the mean (SD) values. These statistics were directly transferred out of the included studies or determined using the results from the included studies. Overall mean (SD) values were created using the SPSS, version 21.0 (IBM Corp., Armonk, NY, USA). The normative values were determined using the means of the included studies weighted by the number of subjects included in the study.
Results
Study identification
The systematic search yielded a total of 3374 articles (Fig. 1) . After the duplicates were removed, 2420 studies remained, which were screened based on title and abstract. Screening resulted in 31 articles that were selected for full text assessment. The full text assessment concluded that seven more articles had to be excluded for various reasons. This resulted in 24 articles for which the methodological quality was assessed (Appendix 2). Finally, from the total of 3374 articles found in the initial literature search, 19 articles met the inclusion criteria and were of sufficiently high quality to be included in the present review.
Outcomes
Appendix 3 shows the results of the included studies, and also provides details of the characteristics of the studies together with the strengths found in each study. These studies were published between 1951 and 2014 and included a total of 1880 healthy adults (1179 men and 701 women). The included studies had a mean sample size of 98.95 (124.8) healthy adults (range 3 to 462) with a mean age of 37.8 (12.6) years (range 15 years to 83 years). Of these 19 studies, seven articles studied the differences between the men and women and 12 between the dominant and nondominant arm. In these 19 studies, different measurement devices were used resulting in different results with different measuring units. As a result of these different measuring units, it was only possible to compare the results with the studies for which the outcome measures could be converted into each other (Appendix 3). To compare all the of the results, they were converted into Nm by multiplying the strengths with the moment arm for flexionextension (26.4 cm, which is the average forearm length according to Askew et al. 8 ) and the moment arm for pronation-supination (6.7 cm, which is an average of the epicondyle width of Askew et al. 8 ). The results are still an estimation of the converted results, although they can be compared with each other by considering the different measurement devices and the different positions of the subjects used. The results of this estimation are presented in Table 2 .
Flexion and extension strength of the elbow
Of the included studies, six articles studied only the flexion strength in asymptomatic volunteers. In addition, six other studies investigated the flexion strength together with the extension strength. This led to a total of 12 studies that evaluated the flexion strength of the Table 1 . Methodological quality checked regarding the position of the subject, the measurement device, the measurement itself and the population studied.
Topic
Categories Explanation elbow, resulting in a total of 1552 healthy volunteers who had their elbow flexion strength measured. As noted earlier, six studies studied the extension strength together with the flexion strength of the elbow. The extension strength was measured in a total of 846 healthy adults. The mean (SD) values of the estimated normative strength of the elbow weighted by the number of subjects were determined and are presented in Table 3 using descriptive statistics, as well as by weighting the cases by the number of subjects included. The ratios of the differences between the dominant and nondominant arms per movement are also presented in this table.
Pronation and supination
Two studies, which evaluated the flexion and extension strength of the elbow, also determined the pronation and supination strength of the forearm. In addition to these two studies, seven other studies evaluated the pronation-supination strength in healthy individuals. These nine studies resulted in a total of 472 asymptomatic volunteers, who were measured with different devices, resulting in strengths with different units of measurement. The results of the averaged but weighted cases of the pronation-supination strength are presented in Table 3 .
Discussion
The present systematic review has made an overview of studies reporting on elbow strength (flexion, extension, pronation, supination) because there is no consensus on the normative values of the isometric elbow strength. Using the databases of Pubmed, EMBASE and the Web of Science, the results of 19 studies were included in the review, although they did differ from each other regarding the device used to measure the strength, the study populations, and the positions in which the subjects were tested. These studies were used to determine normative values of the isometric elbow strength.
These normative values should be interpreted with caution because different measurement devices were used. Even though Vermeulen et al. 9 found that both fixed and hand-held dynamometers are reliable for strength measurements, differences were found between the results of the elbow strength measurements using these types of dynamometers. A possibility for these differences could be that some of these dynamometers were not commercially available and therefore it could be difficult to reproduce the results. Using commercially available dynamometers to measure the isometric elbow strength is easier for other researchers with respect to reproducing the results found in other studies.
It should be noted that, next to different measurement devices, different positions of the subjects were also used. This could also have influenced the normative values and is therefore another reason for interpreting the normative values with caution. For flexion and extension measurements, most studies have evaluated their subjects when they were seated with their shoulder in a neutral position, the elbow in 90 in flexion and the forearm supinated. Because only the elbow flexionextension strength should be measured, subjects need to keep their shoulder in neutral; otherwise, shoulder muscles could influence the strength. 10 Several studies have reported that the maximum flexion-extension elbow strength occurs at 90 flexion of the elbow.
11,12
The biceps moment arm has a larger peak when the forearm is in a supinated position 13 and most studies included in the present review used the forearm in supinated position. It is therefore a logical position to use to produce the most valid and reproducible results for the flexion-extension strength of the elbow. This position of the subject is not the best position for measuring the pronation-supination strength of the forearm. Of the nine studies included in the present review that flexion. 14, 15 Because most studies used the neutral forearm position, it is the most logical position for pronation-supination strength measurement and easier to compare with other studies. Therefore, the most logical positions for further research into the elbow strength for flexion-extension are with the subjects seated, neutral shoulder position, 90 elbow flexion and their forearm supinated, whereas, for pronation-supination, the subjects are seated and have a neutral shoulder position, with either the elbow in 45 or 90 flexion and their forearm in a neutral position.
The literature describes differences in strength between men and women. 8, 16, 17 This was also found when evaluating the strength per movement. Significant differences were found between men and women (p < 0.011), except for the elbow flexion (p ¼ 0.097). Evaluating the differences between the dominant and the nondominant arm, no significant differences were observed (p ¼ 0.312). This was not in accordance with other literature, which found a significant difference with respect to dominance of the arm. 8, 16 However, the ratios between the dominant and the nondominant arm did show that the nondominant arm was slightly weaker than the dominant arm. Another observation was the large SDs of some of the normative values. These deviations were a result of a large range of elbow strengths found in the studies included in the present review. Therefore, the normative values and ratios have to be considered with caution.
To use normative results with more certainty, additional research is required. For future research, it is recommended that the moment arms of the flexionextension and the pronation-supination movements should be measured in addition to the absolute force to be able to convert results to different measurement units (e.g. moments) and therefore be comparable with the other study results. Research has to be carried out with a commercially available dynamometer for easy reproducibility (preferably not a hand-held dynamometer but, instead, a static, portable dynamometer). The measurements should be executed in the positions that were mentioned previously: the subject seated with their shoulder in neutral position and their elbow flexed in 90 and, for flexion-extension strength, the forearm in supinated position, whereas, for pronationsupination strength, the forearm should be placed in a neutral position. Using these positions and a dynamometer in a large scaled study with a diverse study population, it will be possible to produce normative values that are representative of the population and can also be used with certainty.
Conclusions
This systematic review provided normative values of the isometric flexion and extension movement of the elbow and the pronation and supination movement of the forearm. Even though the studies of which the normative values are extracted from differ from each other a lot, the normative values can still be used as an indication of the isometric elbow strength. The normative values were also used to determine a strength ratio between the dominant and the nondominant arm, which demonstrated that the nondominant arm is slightly weaker than the dominant arm. This ratio can also be used to give an indication of the elbow strength when compared to the contralateral limb of patients. To obtain the most reproducible and comparable results, the flexion-extension strength of the elbow should be measured with the patient in a seated position, with a neutral shoulder position, the elbow in 90 flexion and the forearm in supination. For measuring pronation-supination strength, the patient has to be in the same position, except for the elbow, which can be in 45 or 90 flexion, and the forearm should be in neutral position.
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